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Abstract. Resultsin QCD physicsat the Tevatron from the D@ and CDF collaborationsare presentedincluding results
in jet production,photonproductionW/Z bosonsplus jets, and heary-flavor jets. The importanceof thesetopicsin tuning
Monte-Carlosimulations,constrainingthe partondistribution functions,and measuringcrosssectionsof QCD processes
which contritute significantbackgroundso searche$or newv andimportantphysicsis discussed.
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INTRODUCTION

The study of QCD physicsat the Tevatronis essentiafor preciselydeterminingthe partondistribution functions
(PDFs)of the proton, for measuringthe crosssectionsfor processesvhich contritute large backgroundgo new
physicssearchesandfor tuning of Monte Carlo (MC) eventgeneratorsvhich areusedin all areasof physicsat the
Tevatronaswell asatthe LHC. Themeasuremertf jet andphotonproductioncrosssectionscanconstrairthe PDFs;
in particular theinclusivejet crosssectionin theforwardregionis usefulto constrairthe gluondistribution functionat
high momentunfractionx but low momenturntransfersquaredQ?), while new physicswould be expectedto appear
at high Q2. Jetscontainingb quarksare signaturef mary importantand possiblenew physicsprocessesandthe
studyof differentprocessesvolving b-jetstestspQCD by probingdifferentproductionmechanismsBesidesbeing
interestingprobesof QCD processeshe measurementf crosssectionsfor QCD productionof diphotonsW or Z
plusjets,andZ+b-jets,is importantfor determininghebackgrounds$o importantandpossiblenew physicsprocesses,
aswell astestingpQCD predictions.

FRAGMENTATION AND THE UNDERLYING EVENT

BeforedescribingQCDresultsat high Q?, we first touchon studiesof fragmentatiorandthe underlyingevent. Physics
in all areasatthe Tevatronrely on accurateMonte-Carlomodelingof all characteristicef the event,notjust the hard
scatteringvhichis describedy perturbatve QCD (pQCD),but alsofragmentatiorandtheunderlyingevent(by which
we meanthe beam-beamemnantsary hardinitial or final stateradiation,andpossiblemultiple partoninteractions).
CDFhasdeterminedhparticularchoiceof parameterfor thePYTHIA eventgeneratowhichreproducaheunderlying
eventin jet eventsin TevatronRun| data,which is referredto as“PYTHIA TuneA” [1]. A CDF Runll studyof jet
shapeqd?], the fraction of trans\ersemomentumpy of a jet containedwithin a coneas a function of coneradius,
foundthatPYTHIA TuneA describeghe dataextremelywell. A studyby D@ on dijet azimuthaldecorrelation$3]
also providesa goodtestof the modelingof multi-partonradiationin MC generatorsThat measurementepends
only onthereconstructiorof thedifferencein azimuthalangle(Ag) betweerthetwo highestp; jets, andis therefore
insensitve to the jet enegy scale.Good agreementvas found with Next-to-LeadingOrder (NLO) pQCD, andalso
with HERWIG MC, however, agreemenvith PYTHIA wasseeronly whentheamountof initial-stateradiation(ISR)
wasincreasedrom thedefaultvalue.PYTHIA TuneA alsohasincreasedSR.

CDF hasstudiedjet fragmentationwhich includespartonshovering and hadronizatioreffects. In Run |, CDF
foundthatthe multiplicity andmomentumdistributionsof particlesin jetsareapproximatelythe samefor partonsas
for hadrong(“Local Parton-HadrorDuality”). A recentRunll studyfinds thattwo-particlemomentumcorrelations
survive hadronizatioraswell [4]. Studiesof thedistribution of transversemomentunof particlesin jetsrelativeto the
jet axisandof eventshapesrein progress.



JET PRODUCTION

Measuremenof the inclusive jet differentialcrosssectionasa function of jet p; providesa stringenttestof pQCD
over nineordersof magnitudeandis sensitve to distancesssmallas~ 10~1° m. Thejet crosssectionis expectedo
be higherwith respecto Run| dueto theincreasedrevatroncenterof-massenegy, andthereforereachego higher
pr jet productiorwherenew physicscouldappearTheinclusive jet crosssectionis sensitve to the partondistribution
functions(PDFs),andin particular measurementst forwardrapidity (y) canconstrairthegluonPDFathighx, where
it is notwell known, andatlow Q?, whichis importantsinceary new physicswould be expectedo appeaat high Q2.

CDFhaspublishedheinclusivejet crosssectionin thecentralregion(|y| < 0.7) [5]. Resultsusingbothacone-based
“midpoint” clusteringalgorithm[6] aswell asthek; algorithm[5] shav goodagreementvith NLO predictions.The
k algorithmclustersobjectsaccordingo theirrelative trans\ersemomentajs thealgorithmpreferredor comparison
with theory and hasbeenusedsuccessfullyat HERA; however, its performanceat a hadron-hadrorcollider in the
presenceof underlyingevent was uncertain.The CDF resultsshov that the k; algorithm works well in a hadron
collider ervironmentin the p; rangestudied.

CDF measurementsf theinclusive jet crosssectionextendedo the forwardregion [7] usingthek; algorithmand
1 fo~! of dataare shown in Fig. 1. Good agreementvith NLO predictionsis seen.The measurements the most
forward region have the power to reducePDF uncertaintiesas seenby uncertaintieon the measuremenwhich are
aresmallerthanthe PDF uncertaintiesSimilar resultsarefoundusingthe midpointalgorithm[8].

D@ haslooked at jet productionusing 0.8 fo~! of datain two rapidity regions, |y| < 0.4 and0.4 < |y| < 0.8 [9].
Althoughthedatais scaledo theorypredictionsat p; = 100GeV for |y| < 0.4 in orderto remove uncertaintiesn the
luminosity, the shapeof the distribution shavs goodagreemenover the entire p; range.
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FIGURE 1. (left) CDF measurednclusive jet crosssectionin five rapidity bins (black dots)asa function of ptJa comparedo
NLO pQCD predictions(histogram).The shadedbandsshav the total systematiauncertaintyon the measuremen{right) Ratio
of datato theoryasa function of ptla. Theerrorbars(shadedand)show thetotal statistical(systematicuncertaintyon the data.
A 5.8% uncertaintyon the luminosity is not included.The solid lines indicatethe PDF uncertaintyon the theoreticalprediction.
Thedashedinespresentheratio of MRST2004andCTEQ6.1Mpredictions Thedotted-dashelinesshav theratio of predictions
with 2p1, and .

PHOTON PRODUCTION

The measuremernf promptphotonproductionprovidesa good meansto study pQCD, sincephotonshave a well-

known couplingto quarks Jower p; is accessibleomparedo jet productionandmeasurementsf photonproduction
can place constraintson the gluon PDF which are complementaryto constraintsfrom jet production.In addition,
photonsare not sensitve to the problemsinherentin jet reconstructiorsuchas clusteringalgorithmsor jet enegy

corrections.



Inclusive isolated prompt photon cross section

D@ hasmeasuredhe inclusive isolatedprompt photoncrosssection[10] asa function of photonp;. Compton
scatteringq+g — g+ g) is thedominantprocessatlow p; andprobesthegluonPDF. Promptphotonssuffer alarge
backgroundrom 1° andn® decaysat low pr, which is suppressedy a requirementhat the photonsbe isolated.
Isolatedelectronsfrom W/Z productionare a backgroundat high pr. The D@ analysisusesa neuralnetto further
suppressackgroundwhich is mainly from jets with a large fraction of enegy depositedin the electromagnetic
calorimeter

Figure2 shavsthe D@ inclusive isolatedphotoncrosssectionasafunctionof photonp; alongwith acomparisorio
aNLO pQCD predictionfrom JETPHCX, which agreeswithin uncertaintiesExperimentauncertaintiesare~ 20%,
dominatedby photonpurity. Advancesn thetheoreticalpredictionwould be neededn orderfor the measuremerto
constrainthegluonPDF
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FIGURE 2. (left) D@ measurednclusive crosssectionfor the productionof isolatedphotonsasa function of p¥. The results
from the NLO pQCD calculationwith JETPHOX areshavn asthesolidline. (right) Theratio of themeasuredrosssectionto the
theoreticabredictionsfrom JETPHOX. Thefull verticallinescorrespondo theoverall uncertaintywhile theinternalline indicates
justthe statisticaluncertaintyDashedinesrepresenthe changen the crosssectionwhenvaryingthetheoreticalcaleshy factors
of two. Theshadedegionindicateshe uncertaintyin the crosssectionestimatedvith CTEQ6.1PDFs.

Prompt diphoton cross section

CDF hasmeasuredhe promptdiphotoncrosssection[11] asa function of diphotonmass transversemomentum
of the diphoton system(q;), and A@ betweenthe photons,which testsNLO pQCD and is sensitve to initial
statesoft gluonradiationin g;. The measuremerit alsoimportantin orderto determinethe QCD backgrouncto
searchesor new physicsprocessesvhich have a diphotonsignature Promptdiphotonsaremainly producedhrough
aq — yv, 99 — yy (at low diphotonmass),and also in processesvhereone or both of the photonscomesfrom
fragmentationof the hard parton. The CDF analysisagain requiresthe photonto be isolatedin orderto reduce
backgroundrom 1°® andn® decaysA consequencés that the isolation requirementalso reducesphotonscoming
from fragmentationResidualbackgrounds removed statisticallybasedon the shapeof the electromagnetishowver
in the calorimeter Comparisonsveremadeto severalMonte-Carlogeneratorsandit wasfoundthatNLO processes,
includingfragmentatiorcontributions,alongwith softgluonresummationwereneededn orderto describeall features
obsenedin thedifferentialcrosssectionsThe publishedmeasuremenises~ 200pb* of dataandis still dominated
by statisticaluncertainties.



W/Z BOSONSPLUSJETS

The productionof W/Z+jets providesa goodtestof pQCD in a multijet ervironmentsincethe presencef theW/Z
ensureshatthe eventhasa high Q2. More importantly W/Z-+jetsis a possiblesignaturefor mary new andimportant
processesuchasthe productionof top pairsandsingletop quarks,the Higgs boson,and Supersymmetriparticles.
QCD productionof W/Z+jetsis alarge backgroundor theseprocessesandthereforeit is importantto measurets
crosssection QCD Matrix Element(ME) calculationsareusedto describehehardscatteringn W/Z+jet events,and
thenPartonShavering (PS)MC is usedto simulatethe soft radiationandhadronizationAn overlapin phasespace
betweenW/Z + n-partonsandW/Z + (n+ 1)-partonscanleadto double-countingvhencombiningMC samplego
obtainW/Z + N-jets.Therehave beerrecentadwancesn ME-PSmatchingincludingCKKW andMLM prescriptions,
whichwill beimportantfor thesimulationof new physicswith aW /Z+jet signatureandcanbetestedusingW /Z+jet
samplesatthe Tevatron.RecentheoryadvancesalsoincludeNLO predictions.

CDF hasmeasuredhe W+jets crosssection[12] for W plus at least1, 2, 3, or 4 jets as a function of the jet
trans\erseenepy (E;), andfor eventswith two or morejetsasa functionof dijet invariantmassshowvn in Fig. 3, and
alsoasafunctionof thedistancen n-¢ spacebetweertheleadingjets (not shown). The crosssectionis reportedfor
arestrictedVV kinematicphasespacdn orderto be model-independentVith this definition,theW acceptancés very
flat asafunctionof jet E;, andthusdoesnotalterthe shapeof the crosssectionsCurrentlythe comparisons madeto
LO AlpgenplusPYTHIA in shapeonly; comparisonso NLO predictionsarein progress.
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FIGURE 3. (left) Differential crosssectiondo(W — ev+ > n-jets)/E%a for the first, second third, and fourth inclusive jet
sample(right) Differentialcrosssectiondo(W — ev+ > 2-jets)/delj2 asafunctionof theinvariantmassof thetwo leadingjets

in theW+ > 2 jet events.Dataarecomparedo Alpgen+PYTHIA predictionsnormalizedto the measurednclusive crosssection
in all cases.

D@ hasrecentlymadecomparisong13] of Z+jet productionto MC predictionsfrom PYTHIA (LO) andSherpa
(ME+PSwith CKKW matching).It wasfoundthatPYTHIA predictsfewer hardjetsthanareseenin thedata,andthe
discrepang increasesvith jet multiplicity, asshown in Fig. 4. Sherpdooks promising,asit agreeswell for the p; of
theZ, jet multiplicities (Fig. 4), jet pr, andAn (jet-jet) andAg(jet-jet) correlations.

data wistat error

[ E— e E P
= 5 DO Runll Preliminary| = datawistat & sys eror [} E DO Runll Prelimina
H E _.L [ Pythia range stat ‘g 10 _'_|— v
|.|>J [ Pythia range stat & sys Ii 16° E
-
3 S 1 F
N 8
4 E 10 =
1k
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Jet Multiplicity Jet Multiplicity
<
% 4 [ N o 4 [
E 3 | R | e 3
> 2 . [
< b1 J » [
e 1F + T ~ 1== w i T
g s oo
©
o 8 |
L. , . , , , . L, . , . , L ,
025 1 2 3 ] 5 6 025 1 2 3 ] 5 6
Jet Multiplicity Jet Multiplicity

FIGURE 4. Jetmultiplicity in eventswith aZ bosonasmeasuredyy D@ andcomparedo PYTHIA (left) andSherparight).



HEAVY-FLAVOR JETS

Jetscontainingb quarksaresignature®f mary importantandpossiblenew physicsprocessesl’he PDFsfor b quarks
have evolvedsignificantlyin recentyearsandit is interestingo testtheoreticapredictionslt is alsoimportantto study
differentprocessessuchashb, bb, y+ b, andZ + b production,sincetheseprobedifferentproductionmechanisms,
including flavor creationat leadingorder, andat NLO: flavor excitation, gluon splitting, andradiative correctionso
LO processes.

b-jet cross section

CDF hasmeasuredhe b-jet crosssection[14] asa function of jet p;, shavn in Fig. 5. The b-jets aretaggedby
reconstructinghe secondaryertex from B hadrondecays.Templatesof the shapeof the invariantmassdistribution
of tracksfrom the secondaryertex for b- andlight-quarkjets are usedto extract the fraction of taggedjets which
are b-jets (the “b-fraction”). Systematiauncertaintiesn the jet enegy scaleandin the b-fraction dominatefor the
data,while the main uncertaintieson the NLO predictionaredueto the renormalizatiorandfactorizationscales g
and g, respectrely. The measuredtrosssectionagreeswith the NLO pQCD predictionwithin the large systematic
uncertainties.
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FIGURE 5. (left) CDF measurednclusive b-jet crosssection(filled circles)asa function of p%e‘ comparedvith NLO pQCD
prediction(opencrosses)The shadedandrepresentshe systematiauncertaintyon the dataandthe dashedandrepresentshe

uncertaintie®n thetheory (right) Ratio of datato theoryasa function of pJTe‘. Thecentralvalueis obtainedusingrenormalization
andfactorizatiorscalessetto u = ,/2=1/2 (p_br*ja)2 + n‘% Theshadedandis the systematiaincertaintyon the dataandthe
dashedandis the uncertaintyon thetheory

b-jet shapes

CDF hasmadea preliminarymeasuremertf theenegy flow in b-jets[15] measuredh four p; binsfrom ~50-300
GeV. PYTHIA predictsjetswith b-quarksto be wider on averagethanlight-quarkjets, with jets containinga single
b-quark narrover and 2 b-quarkswider thaninclusive jets. CDF doesmeasureb-jets to be wider on averagethan
inclusive jets, but the agreementvith PYTHIA is poor unlessthe ratio of jets with 1 to 2 b-quarksin PYTHIA is
decreasetly ~20%.Comparisonso otherMC arein progress.

Z + b-jet production
The crosssectionfor Z + b-jet productionis sensitie to the b quark densityin the proton, and thereforethe

measuremenestspQCD predictions.Determiningthe crosssectionis alsoimportantsinceZ + b-jet productionis
abackgroundor searches$or new physicssuchasthe Higgsbosonin the channelZH — Zhbb.



D@ hasmeasuredhe crosssectionratio for Z 4 b-jet to Z+jet production[16] for jets with p; > 20 GeV/cand
|n| < 2.5tobe
D@:  o(Z+b—jet)/o(Z+ jet) = 0.023+ 0.004(stat) TIP3 (syst).
The charmcontentwastakenfrom thetheoreticabpredictionof Z+ b andZ + ¢ production:N; = 1.69N, [17].
CDF hasmeasuredhecrosssection[18] for eventswith 66 < M, < 116GeV/c? andfor jetsin therangep%a > 20
GeVicand|ni¥| < 1.5to be

CDF:  o(Z+b—jet) x Z(Z—1717) = 0.93+ 0.29(stat) + 0.21(syst)pb
andtheratioto Z+jets
CDF : 0(Z+b— jet)/o(Z+ jet) = 0.0236+ 0.0074stat) + 0.0053(syst).

This is consistentvith the NLO predictionsof 0.45+ 0.07 pb and0.0181+ 0.0027,respectiely, which arebasedon
[17] usingMCFM andCTEQ6MPDFs.TheCDF measurementsesatemplatefit basecbnthe massof chaigedtracks
at the secondaryertex, in a similar way aswasdonefor the inclusive b-jet crosssectionmeasurementatherthan
makingassumptionsnthe charmcontent.Themeasuremeris still statisticallylimited andis beingrepeatedvith the
1 fb~1 datasamplecurrentlyavailablefrom the Tevatron.

SUMMARY

Theinclusive jet crosssectionhasbeenmeasuredy CDFin rapidity regionsrangingfrom |y| < 0.7to 1.6 < |y| < 2.1,
finding good agreementvith NLO pQCD and placing significantconstraintson the gluon PDF at high x. D@ has
measuredhe inclusive isolatedprompt photoncrosssectionand finds agreementvith NLO within uncertainties.
CDF hasmeasuredhe crosssectionfor isolatedpromptdiphotonproductionandfindsthatNLO processemcluding
fragmentationcontributions, as well as soft gluon resummationare neededto describethe dataas a function of
diphotonmass transversemomentumof the diphotonsystem,andAg betweenthe photons.CDF hasmeasuredhe
W+jets crosssectionand D@ hasrecentcomparison®f Z+jet productionto the SherpaVviC which includesMatrix
Elementto Parton Shavering matchingusing the CKKW prescription,animportanttest of this MC which may be
usedto modelprocessemvolving the Higgsboson Heavy flavor jets,in particularb-jet productionhasbeenstudied
at the Tevatron. CDF hasmeasuredhe inclusive b-jet crosssectionand finds agreementvith NLO pQCD within
uncertaintiesCDF hasa preliminarymeasuremerdf theinclusive b-jet shapeasafunctionof p;. Both D& andCDF
have measuredheratio of Z + b-jet to Z+jet crosssectionsand CDF hasmeasuredhe Z + b-jet crosssection;these
arefoundto bein agreementvith NLO predictionsMany of thesemeasurementsill benefitfrom largerdatasamples,
includingdiphotonproductionandZ + b-jet productionaswell asothermeasurementtill in progressncludingdijet
production bb production,andphoton+ heary-flavor production.
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